The resonance ionization laser ion source (RILIS) is the principal ion source of the ISOLDE radioactive beam facility based at CERN. Using the method of in-source laser resonance ionization spectroscopy, a transition to a new autoionizing state of tellurium was discovered and applied as part of a three-step, three-resonance, photo-ionization scheme. In a second study, a three-step, two-resonance, photoionization scheme for germanium was developed and the ionization efficiency was measured at ISO-LDE. This work increases the range of ISOLDE RILIS ionized beams to 31 elements. Details of the spectroscopy studies are described and the new ionization schemes are summarized.
1. Introduction
The RILIS at ISOLDE
ISOLDE is an ISOL (isotope separator on-line) type, radioactive ion beam facility based at CERN [1] . A pulsed 1.4 GeV proton beam of up to 2 μA is impacted upon a thick target, creating reaction products via spallation, fragmentation and fission, that are stopped and thermalized within the target material. Depending on the type and composition, the target is heated to between 400°C and 2400°C. Higher temperatures reduce the release time of sufficiently volatile elements, which diffuse through the target material and then effuse, via a transfer line, to an ion source.
The resonance ionization laser ion source (RILIS) is the principal ion source of the ISOLDE facility [2] . Laser ion sources of this type are based on two principles: for a particular element, the distribution of the atomic energy levels is unique; and electronic transitions between energy levels can be induced if the atom is illuminated with photons of an energy that matches the transition energy [3] . The RILIS uses multiple laser beams to step-wise excite and then liberate a valence electron from the element of interest.
The selectivity of the ionization process follows as a consequence of the element unique distribution of atomic energy levels [4] .
The ISOLDE RILIS is a dual Ti:Sa-Dye laser system with six tunable lasers, three Titanium:Sapphire (Ti:Sa) and three dye. All of the lasers produce pulsed light at 10 kHz and are pumped by frequency doubled Nd:YAG (532 nm) lasers, with the option to UV pump the dye lasers at 355 nm. The combination of Ti:Sa and dye lasers with 2ω, 3ω and 4ω frequency conversion enables continuous spectral coverage between 210 nm and 950 nm [2] . An independent 40 W, 10 kHz, TEM 00 , frequency doubled Nd:YVO 4 (532 nm) Lumera Blaze laser, is available for ionization schemes which rely on a non-resonant ionizing step [5] . A schematic of the RILIS laser system and the experimental setup used for the scheme development is depicted in Fig. 1 .
At ISOLDE, the RILIS laser ligth is are transported over a distance of approximately 20 m to converge within a hot-cavity ion source: a tantalum or tungsten tube 3 mm in diameter and 34 mm in length, which is connected to the target container via a transfer line. The entire target and ion source assembly is mounted on an ISOLDE frontend and maintained at a voltage between 20 kV and 60 kV, with a grounded extraction electrode positioned~60 mm from the exit of the ion source. Resistive heating along the length of the hot cavity creates a voltage drop of $ 2 V between the entrance and exit, causing ions to drift towards the penetrating field of the extraction electrode, where they are extracted and accelerated to form an ion beam. Ions generated upstream of the influence of the extraction field are therefore extracted with a low energy spread (typically o 3 V). The ion beam passes through either one or two dipole mass separators, for isotope separation, before being directed to an experiment located in the ISOLDE Hall.
A consequence of the element-selective nature of the RILIS, is that a laser resonance ionization scheme must be developed and tested for each element. It is practical to use stable isotopes for scheme development, rather than relying on radiogenic production with a pulsed proton beam. A mass-marker capillary, containing a stable atomic sample, is connected to the transfer line between the target and ion source hot cavity. During RILIS scheme development, the laser beams are overlapped in the hot cavity and the massmarker is evaporated while the laser wavelengths are scanned and the ion current is monitored using a Faraday cup located after the mass separator magnet, as depicted in Fig. 1 . The laser wavelengths are measured using a HighFinesse WS7 wavemeter.
The spectroscopic studies described here were conducted using laser powers and linewidths identical to standard RILIS operation, to ensure the applicability of the results to on-line radioactive ion beam production at ISOLDE. A comprehensive description of the RILIS laser system can be found in the papers of Fedosseev et al. [2] and Rothe et al. [6] .
Scheme development for the ISOLDE RILIS
The procedure for laser resonance ionization scheme development is described in detail by Fedosseev et al. [7] . The process begins with an assessment of literature data on atomic lines and energy levels. The primary sources of information are the Kurucz and NIST atomic line databases [8, 9] . There are a number of relevant factors that determine the suitability of an atomic level or transition for use within an ionization scheme. The possibility to saturate a transition with the available laser power, can be estimated by considering literature data on transition strengths. Candidate transitions are compared to transitions used in existing RILIS ionization schemes, for which the laser power required for saturation has been measured. Thermally populated atomic levels divide the atomic population available to the first excitation step of the laser ionization scheme. In order to determine the optimal starting point of an ionization scheme, the percentage of atoms, P a , with a valence electron excited to a thermally populated state, a, in the hot cavity environment can be calculated by applying Boltzmann's equation in a form given in the following equations:
where g is the degeneracy of the atomic state, the subscript a represents a specific atomic state, E is the energy of the atomic state, k is Boltzmann's constant, T is the temperature of the hot cavity in kelvin (K) and the subscript i represents the group of atomic states with a significant thermal population T. Where possible, an excitation path via states with progressively increasing total angular momentum (J) is preferable. This is because the theoretical maximum efficiency of an excitation is greater if the statistical weight (2J þ1) of the upper level of the atomic excitation is greater than that of the lower level. The width of an atomic transition in the hot cavity environment must also be considered, this is particularly important if a pronounced hyperfine splitting is expected. An incomplete spectral overlap of the excitation lasers with the resonant transition restricts the accessible atomic population, thereby reducing the ionization efficiency.
Tellurium
In addition to ion beam production, the RILIS can also serve as a tool for signal identification. RILIS ionized tellurium is required to enable signal identification for an approved Coulomb excitation experiment investigating 116 Te and 118 Te [10] . At ISOLDE, tellurium beams have thus far been produced using arc discharge ion sources, which do not offer the element selective capabilities of a RILIS [11] . Recent work at ISOLDE has demonstrated the possibility to couple the RILIS with the VADIS, the ISOLDE variant of the FEBIAD type arc discharge ion source, for laser resonance ionization inside the VADIS anode cavity [12] . The combination, termed the VADLIS or Versatile Arc Discharge and Laser Ion Source, has enabled the possibility of switching to an element selective RILIS-Mode of operation, should either a reduction in isobaric contamination or signal identification be required. The element selectivity of the RILIS provides the option to selectively reduce the tellurium ion rate when operating in RILIS-Mode, by blocking and unblocking one of the laser beams, offering an effective signal identification tool for the analysis of gamma spectra. The experimental setup used for this development work is shown in Fig. 1 . Laser resonance ionization of tellurium was applied previously at ISOLDE as part of a COMPLIS experiment where a two-resonance, three-step scheme of fλ 1 j λ 2 j λ 3 g ¼ f214:35 nmj 591:53 nmj 1064 nmg (vacuum wavelengths) was applied [13] . The experiment did not involve ionization inside a hot cavity, thus there were no measured efficiencies applicable to this work. A rich continuum of autoionizing states of tellurium was identified previously using flash pyrolysis and other non-laser light sources [14] [15] [16] . The four second-step transitions corresponding to the highest ion signals during the scan, were tested as part of three-step, two-resonance ionization schemes, using 532 nm photons from the Blaze laser for non-resonant ionization step. The ion currents recorded for each scheme are compared in Table 1 Comparing the measured ion currents, the autoionizing resonance was a factor of 2.5 more efficient than non-resonant ionization with an estimated 24 W in the ion source. Saturation was verified for the first two resonant transitions, the maximum RILIS laser powers delivered to the ion source for 214 nm light and 573 nm light were estimated to be 25 mW and 6 W respectively. The autoionizing resonance was not saturated with an estimated 1 W of laser light, at 901.270 nm, delivered to the source. The optimal scheme and scans of the 573.360 nm second-step transition and the autoionizing resonance are presented in Fig. 2 .
Following this scheme development, the ISOLDE RILIS is now capable of offering signal identification of tellurium related signals, as requested by the IS516 Coulomb excitation experiment, and tellurium ion beam production. Further scheme development, to investigate alternative autoionizing states for a potentially more efficient scheme, is a possibility for future development.
Germanium
RILIS ionized germanium beams are required for the study of the β þ /EC decay of 64 Ge and 66 Ge by total absorption spectroscopy [18] . A three-step, Ti:Sa only, laser ionization scheme with a final step transition to an autoionizing state was developed at ORNL. An efficiency of 3.3% was reported for stable germanium [19] . Based on Eq. (1), and using information from the Kurucz and NIST databases [8, 9] , the majority of the thermal population at 2300 K is distributed between two atomic states, with 40% lying in the 4s 3 P 0 1 ) was selected from the atomic lines tabulated in literature because of an expectation of saturation and a wavelength that could be produced by frequency doubling the light from a dye laser pumped at 532 nm. From the 4s 2 4p5s
3 P 0 1 state, four second-step transitions, also documented in literature, were compared as part of two-resonance, three-step schemes with Table 1 The resonant transitions tested during the tellurium scheme development. Spectroscopic information for known transitions is taken from [9] . a Air wavelengths calculated using the equation of [17] . b Ion current measured with $ 24 W of 532 nm light delivered to the ion source for the third, non-resonant, ionization step. Fig. 2 . The optimal tellurium RILIS scheme and laser scans of the second-step and the third-step, autoionizing resonance.
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532 nm photons from the Blaze laser for non-resonant ionization.
The results are summarized and compared in Table 2 . The optimal RILIS scheme and laser scans of the first two steps are presented in Fig. 3 . Our measurements indicate that the first and second-step transitions were strongly saturated with 580 mW and 14 W respectively on the laser table, estimated to correspond to 300 mW and 5.6 W in the source.
An efficiency measurement was performed for the RILIS scheme depicted in Fig. 3 using a calibrated mass marker of germanium. During the sample evaporation, the laser ion signal was measured on a Faraday cup located after the dipole mass separator magnet. The recorded ion current is plotted against measurement time in Fig. 4 . The ion current was integrated over the measurement time in order to extract a lower limit for the ionization efficiency.
The sharp increases in the measured ion current, depicted in Fig. 4 , are due to increases in the heating of the calibrated mass marker. Due to time constraints, the measurement was terminated before the sample had been fully evaporated. An extrapolation of the exponential decrease of the ion current was required. A conservative value for the efficiency was determined by constraining the extrapolation to reach zero. An unconstrained extrapolation converged on a 370 pA ion current, suggesting a significant quantity of un-evaporated germanium remaining in the system. The integration over time, of the measured ion current and the constrained extrapolated ion current depicted in Fig. 4 , gives a lower limit estimate for the laser ionization scheme efficiency of 2%.
There are two possibilities for improving the efficiency of the germanium ionization scheme: a two-fold efficiency increase could be expected by accessing a larger fraction of the atomic population through the application of an additional first-step laser at 269.134 nm, to excite from the 40% populated (at 2300 K) 4s 2 4p 2 3 P 1 state to the 4s 2 4p5s 3 P 0 1 state; or further ionization scheme development to identify useful autoionizing resonances. The application of an additional first-step, to access atoms in a thermally populated state, is standard practice at the ISOLDE RILIS for the ionization of gallium.
Conclusion
A new three-step, three-resonance RILIS ionization scheme for tellurium has been developed with a final step transition to a newly identified autoionizing state. The scheme provides sufficient enhancement of the tellurium ion rate to satisfy the needs of signal identification during Coulomb excitation studies at ISOLDE. With approximately 1 W of laser power delivered to the ion source, the autoionizing resonance was a factor of 2.5 more efficient than a non-resonant ionization step using 24 W of 532 nm light in the source.
Secondly, a new three-step, two-resonance RILIS scheme for germanium was identified and tested using the ISOLDE RILIS. A laser ionization efficiency of 4 2% was measured. This efficiency can be increased by the application of an additional first-step to access another thermally populated low-lying atomic energy level, possibly increasing the efficiency of the scheme to 4 4%. This work extends the range of RILIS ionized beams at ISOLDE to 31 elements.
